ABSTRACT When human erythroleukemic cells are induced to differentiate, they produce globin and redistribute glycophorin and spectrin to one pole of the cell. This process was accompanied by an alteration in the clathrin-coated pits at the cell surface . In nondifferentiating cells, receptors for Concanavalin A have been shown, using electron microscopy, to be concentrated into coated pits and rapidly internalized . Glycophorin was also internalized via coated pits, but was not greatly concentrated into these portions of the surface membrane . Ligands attached to glycophorin were, therefore, cleared from the cell surface more slowly than Concanavalin A. In nondifferentiating cells, immunoelectron microscopy showed that spectrin is largely excluded from coated pits. After erythroid differentiation proceeded for several days, glycophorin was totally excluded from the coated pits along with spectrin . This did not reflect a general cessation of endocytosis, however, because Concanavalin A receptors continued to be internalized . It is possible that the specific exclusion of glycophorin from coated pits is part of the remodeling process that occurs when the precursor cell membrane differentiates into that of the mature erythrocyte .
The later stages ofthe differentiation process that culminates in the formation of the fully mature erythrocyte are characterized by a major remodeling of the cell's plasma membrane. Prior to the formation of the reticulocyte by enucleation of the precursor cell, those proteins that are characteristic of the membrane of the mature erythrocyte (such as glycophorin and spectrin) are sequestered to that part of the membrane that will surround the reticulocyte and away from the membrane that surrounds the nucleus (11, 22, 23) .
The membrane of the fully mature erythrocyte is unusual in the simplicity of its protein composition when compared with plasma membranes of nucleated cells (15) and it is likely that the final stages of differentiation of the membrane are also accompanied by the loss of many proteins, the functions of which are no longer required . Thus, for example, the transferrin receptor, which is abundant in the membrane of the reticulocyte, is absent from the membrane of the fully mature erythrocyte (7, 16) . These processes, the conservation of some proteins on the cell surface and their sequestration to one portion of the membrane at the same time as other proteins are being removed are carried out by unknown mechanisms, but may involve membrane endocytotic struc-THE JOURNAL OF CELL BIOLOGY " VOLUME 98 JUNE 1984 [2055] [2056] [2057] [2058] [2059] [2060] [2061] [2062] [2063] 0 The Rockefeller University Press -0021-9525/84/06/2055/09 $1 .00 tures visualized ultrastructurally as clathrin-coated pits. For example, if clathrin-coated pits were to generate a flow of membrane components toward one site on the cell surface, it is possible that membrane proteins would be swept along in this flow and aggregated at one pole of the cell (4, 22) . In addition, coated pits may be involved in the conservation of certain proteins at the cell surface concomitant with the removal ofothers. This could occur by the restraining ofsome proteins from entering the coated pits whereas others are actively concentrated into these structures.
Some aspects of erythroid differentiation in vivo are mimicked by the cultured K562 human erythroleukemic cell line. These cells manufacture spectrin (12), glycophorin (9) , and a surface glycoprotein designated gp105 (3, 25) that bears similar carbohydrate chains to those of band 3 protein (8), although band 3 protein itself does not occur in these cells (25) . After induction oferythroid differentiation by growth of the cells in hemin- (18) or sodium butyrate-containing medium (2) , some of the cells redistribute globin, spectrin, and glycophorin into a reticulocyte-like cell that subsequently buds from the parent cell (12).
In this report, we show that as K562 cells differentiate, the endocytosis of glycophorin, a protein characteristic of the mature erythrocyte membrane, is curtailed by excluding it from areas of the membrane that are lined with clathrin. As a result, glycophorin becomes distributed over areas of the surface membrane that are lined by spectrin, the major component of the submembranous cytoskeleton (15) . In contrast, the endocytosis of another membrane protein is maintained, Concanavalin A receptors being actively concentrated into coated pits throughout the period of differentiation that we have investigated . Production of Antibodies: Purified human erythrocyte membranes (5), or spectrin purified by the method of Marchesi (14) , were suspended in phosphate buffered saline (PBS) at I mg/ml, and then emulsified with an equal volume of Freund's complete adjuvant. The emulsion was injected intramuscularly into male New Zealand white rabbits at 3-wk intervals . Sera were purified and characterized by standard techniques (10) . Antispectrin antibody was purified further by affinity chromatography on a spectrin-Sepharose column .
MATERIALS AND METHODS
Characterization ofthe antisera . One antiserum used in these studies was raised by injecting washed human erythrocyte membranes into rabbits and was characterized by immune precipitation oflactoperoxidase4odinated cells. K562 cells were labeled on their external surfaces using Na'2°I, lactoperoxidase, and glucose oxidase (12), and were dissolved and incubated with the antiserum as previously described (12). Only two labeled proteins were immune precipitated and these co-migrated on SDS-polyacrylamide gels with PAS-1 and PAS-2 of the erythrocyte membrane (Fig . 1) . Further confirmation of the specificity of this antiserum, as far as K562 cell external surface molecules are concerned, was obtained by absorbing the antiserum with glycophorin purified from erythrocyte membranes according to the method of Segrest and colleagues (21) . The preparation of glycophorin used contained only two components, which co-migrated on SDS-polyacrylamide gels with PAS-1 and PAS-2. No contaminating band 3 was detected (data not shown) . Preabsorption of the antibody with glycophorin abolished the characteristic surface fluorescence observed when K562 cells were incubated with the primary antibody and fluoresceinconjugated goat anti-rabbit IgG, suggesting that the primary antibody was glycophorin-specific ( Fig. 2) . One of the antisera used in these studies, therefore, detects only PAS-1 and PAS-2 (the dimer and monomer of glycophorin) on the surface of K562 cells . It is referred to in this paper as the glycophorindetecting antiserum to emphasize that, although it detects only glycophorin on the surface of K562 cells, it does bind to other antigens in erythrocytes. Our second antiserum was raised in rabbits by injecting purified human erythrocyte spectrin . The IgG fraction was prepared (10) and Antspectrin antibodies isolated by affinity chromatography on a spectrin-Sepharose column . When this antiserum was incubated with ["Slmethionine-labeled K562 cell extracts, the only proteins to be specifically precipitated were the two polypeptides of spectrin (bands l and 2) and a third polypeptide intermediate in size between bands I and 2, which may be another spectrin polypeptide characteristic of immature erythroid cells . Again, preabsorption with purified antigen, bands I and 2 of spectrin, abolished the interaction of the antibody with Tritonpermeabilized K562 cells (see reference 12) .
Electron Microscopy : Depending upon the particular procedure, 5
x 104 cells were fixed either before or after specific labeling treatments, by suspension in 2% glutaraldehyde in PBS for 15 min at 4°C . The cells were pelleted gently using a bench centrifuge, washed in isotonic phosphate-buffered sucrose, postfixed in 2% OsO4 in cacodylate buffer for 20 min at 23°C, and then resuspended in 0 .1 ml of molten 1 % noble agar dissolved in water . 1-mm cubes were cut from the agar, dehydrated in graded ethanol followed by equilibration in complete Spurr low viscosity resin at 4°C overnight. Blocks were embedded in fresh Spurr resin, allowed to polymerize for 16 h at 60°C, and thin sections were cut using a diamond knife and an LKB ultramicrotome. Silver sections were usually observed unstained for maximum ferritin contrast since coated areas are readily identified in the absence of staining; when staining was required, uranyl acetate and lead citrate were used . Grids were viewed at 60 Kv with a Zeiss EM 10 electron microscope . 205 6 THE JOURNAL OF CELL BIOLOGY " VOLUME 98, 1984 Immune precipitation of K562 cell extracts by the glycophorin-detecting antibody . K562 cells were labeled by lactoperoxidase-catalyzed iodination and either analyzed by 7 .5% polyacrylamide SIDS gel electrophoresis (a) or dissolved in NP-40-containing buffer and incubated with the antibody . The washed immune precipitates were then analyzed using the same polyacrylamide gel system (b) . The upper and lower arrows indicate the positions of PAS-1 and PAS-2, respectively. bpb indicates the position of the Bromophenol blue tracking dye.
Immune Electron Microscopy and SDS PAGE: to studies of the distribution of glycophorin on the cell surface, cells were first incubated at 4°C with primary rabbit IgG for 1 h. After washing three times in PBS, the distribution of the primary antibody was detected using either ferritin-conjugated goat anti-rabbit IgG (Miles Laboratories, Elkhart, IN) or colloidal goldprotein A prepared according to the procedure of Roth et al . (17) . The cells were then washed and fixed with 2% glutaraldehyde. In some cases the cells were warmed to 37°C for various periods after incubation with both primary and secondary antibody while, in other cases, the cells were fixed prior to incubation with primary antibody . Similar procedures were used to locate Concanavalin A (Con A) receptors except that cells were incubated directly with ferritin-conjugated Con A or succinyl Con A (both obtained from Polysciences, Warrington, PA) . Spectrin was detected by fixation of cells in glutaraldehyde followed by incubation at room temperature in PBS containing 0 .05% Triton X-100 for 5 min . The permeabilized cells were then incubated with affinity-purified rabbit anti-spectrin IgG, washed in PBS, and then incubated with ferritin-conjugated goat anti-rabbit IgG or colloidal gold-protein A.
Electrophoresis in 7 .5% polyacrylamide gels was performed as described by Laemmli (13) .
RESULTS
Changes occur in clathrin-coatedpits of K562 cells undergoing erythroiddifferentiation. The distribution of glycophorin molecules on the external surface of K562 erythroleukemic cells was investigated before and at various times after the induction of differentiation, using a glycophorin-detecting antiserum and electron microscopy. K562 cells were grown in either the absence of inducer or induced to differentiate along the erythroid differentiation pathway for 96 h, then cooled on ice, and incubated with a glycophorin-detecting antiserum . The primary antiserum was located using ferritin-conjugated goat anti-rabbit IgG as an electron-dense marker. In nondifferentiating and differentiating cells, the electron-dense probe was found over the cell surface, often in small patches . When the surfaces of the nondifferentiating and differentiating cells were observed at greater magnification, a difference was detected in the distribution of erythrocyte membrane antigens in the two cell types . In the nondifferentiating cells, ferritin was observed to be distributed over the surface membrane including over the surface of the coated pits (Fig. 3a) . The electron-dense particles were observed in deep coated invaginations (Fig. 3 b) and in coated vesicle profiles (Fig. 3c) , the latter representing either tangential sections through deep invaginations still connected to the cell surface so that ferritinIgG can penetrate, or coated vesicles that had been pinched off after labeling despite the low temperature at which the cells were being incubated . In contrast to the distribution of ferritin-IgG seen in nondifferentiating cells, the differentiating cells bound ferritin-IgG along the noncoated areas of membrane but little or no ferritin was bound to the coated areas (Fig. 3, d-g and Table I ) . No electron dense material was observed at the surface in the absence of primary antibody (Fig. 3 h) nor when the antibody was preabsorbed with purified glycophorin. It, therefore, appears that glycophorin is only associated with clathrin-coated pits in the nondifferentiating cells. These data suggest that the glycophorin may be internalized by the clathrin-coated pits of nondifferentiating cells but not by these structures in K562 cells that are undergoing erythroid differentiation .
Concanavalin A receptors are incorporated into coated areas of both nondifferentiating and differentiating K562 cells. The exclusion of glycophorin from the coated pits of differentiating cells, after differentiation has proceeded for several days, might result from a general inhibition of the movement of membrane proteins into coated areas and their subsequent endocytosis . Alternatively, the lack of these proteins in the coated areas might be a specific phenomenon possibly associated with the reorganization of membrane proteins during erythroid differentiation . To determine the specificity of the change that occurs with differentiation, we have used a more general ligand that attaches to cell surface glycoproteins; this probe is Concanavalin A conjugated to ferritin (fer-Con A) . Fig. 4 , a and b show coated areas of nondifferentiating and differentiating cells after incubation with fer-Con A at 4°C. The coated areas are very similar in the two cell types : both contain ferritin grains . This suggests that the exclusion of glycophorin from the coated areas is, indeed, specific to these proteins and that other membrane proteins are still being actively taken up by differentiating cells. It is noteworthy that in both cell types the Con A receptors are located primarily in the coated pits and there is very little ferritin on the uncoated cell surface (Table I) . It is possible that this concentration into coated areas could arise from the cross-linking action of Con A and subsequent movement of the crosslinked complexes into the pits despite the cells being incubated at 4°C ; this is unlikely, however, since succinyl Con A, which behaves as a monovalent ligand and should, therefore, not cross-link its receptors, reveals an identical distribution of Con A receptors in nondifferentiating and differentiating cells (Fig. 4, c and d) . Furthermore, glutaraldehyde-fixed cells show the same distribution of fer-Con A (see below) . Thus, even in the absence of the tetravalent ligand, Con A receptors are concentrated into coated areas . Receptors for low density IgG conjugated to fluorescein ; (b) antibody that had been preabsorbed with purified glycophorin (the only components detectable on SDS PAGE being PAS-1 and PAS-2) followed by fluoresceinconjugated goat anti-rabbit IgG ; (c) fluorescein-conjugated goat FIGURE 2 Specificity of the glycophorin-detecting antibody . K562
anti-rabbit IgG . All exposures were made for the same length of cells were incubated with (a) antibody followed by goat anti-rabbit time . x 1,400 .
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Endocytosis by Erythroleukemic Cells 205 Nondifferentiating and differentiating cells were labeled at 4°C using either glycophorin-detecting antibody and ferritin-conjugated anti-rabbit IgG or fer Con A . After processing for electron microscopy cells were selected at random and regions of the membrane profile photographed in the electron microscope. The lengths of the uncoated and coated membrane profiles were measured and the number of ferritin grains associated with each type of profile counted . The figures are expressed as ferritin grains per micron of membrane profile whereas those in parentheses are the total number of ferritin particles counted . In each case 150 ram of cell surface was quantitated, which contained^-14 um of coated membrane . The average length of a coated pit profile is 0.125 Ium, lipoprotein have also been shown to be distributed over coated areas in a similar manner (1).
Endocytosis of Glycophorin by K562 Cells
To reveal whether the glycophorin molecules that were found in the clathrin-coated pits of cells labeled at 4°C were subsequently endocytosed, K562 cells were labeled as described above at 4°C using the glycophorin-detecting antiserum, which was itself detected using colloidal gold-conjugated protein A. The cells were then warmed to 37°C for various periods of time, fixed, and processed for electron microscopy. In nondifferentiating cells, soon after warming to 37°C, colloidal gold was located on the cell surface and could be seen, as expected, in coated pits (Fig. 5, a and b) . In Fig . 5b , which shows a cell after 20 min at 37°C, a gold particle is seen being delivered from a coated vesicle to a multivesicular structure . Further incubation for a total of 1 h 205 8 THE JOURNAL OF CELL BIOLOGY " VOLUME 98, 1984 at 37°C resulted in the partial clearing of the gold particles from the cell surface and their movement to regularly shaped multivesicular bodies (Fig. 5c) . After 1 h at 37°C, gold particles were almost always associated with the periphery of the multivesicular body rather than the central matrix, which suggests that the gold particle remains associated with the antibody-glycophorin complex and was, therefore, still detecting the location of glycophorin . After 6 h at 37°C, the gold particles in the multivesicular bodies were no longer membrane-associated, indicating that the receptor-ligand complex had dissociated (Fig. 6, a and b) . In contrast, the surfaces of differentiating cells remained lined with gold particles even after 6 h at 37°C (Fig. 6 c) , and no internal gold particles were detected . When cells were incubated with fer-Con A or fer-succinyl Con A at 4°C and the temperature was then raised to 37°C for various periods of time, the situation was somewhat different from that observed with the antiglycophorin IgG . Within 5 min of incubation at 37°C all of the labeled Con A was cleared from the cell surface and ferritin associated with Con A or succinyl Con A was seen in the electron-dense lysosomes of both nondifferentiating and differentiating cells (Fig. 6, d and e).
Distribution of Glycophorin and Concanavalin A Receptors in Glutaraldehyde-fixed K562 Cells
A clear distinction is evident between the incorporation of glycophorin into the coated pits of nondifferentiating K562 cells and its exclusion from coated pits of cells induced to differentiate along the erythroid differentiation pathway when hemin is included in the growth medium . However, even though the cells were maintained at 4°C, there is the possibility that the primary and secondary antibody technique resulted in the incorporation of membrane proteins into coated pits in the nondifferentiating cells as a result of cross-linking by the polyvalent antibody . Furthermore, Con A may induce endocytosis which it is known to do in other cell types (6) , although the use of succinyl-Con A in our investigations should eliminate the possibility of the stimulation of new coated pit formation as a result of cross-linking by a polyvalent lectin. To rule out these possibilities further, the distribution of glycophorin and Con A receptors on the surfaces of glutaraldehyde-fixed cells was investigated. In nondifferentiating K562 cells, glycophorin was distributed over the cell surface and in the coated pits (Fig. 7a) ; however, it appeared to be excluded from the pits of the fixed differentiating cells (Fig.  7, b-d ), as found with differentiating cells incubated at 4°C . Con A receptors were again found predominantly associated with the coated areas of both cell types (Fig. 7, e and f) .
Distribution of Spectrin Associated with the Membranes of Nondifferentiating and Differentiating K562 Cells
To locate membrane-associated spectrin, nondifferentiating and differentiating K562 cells were fixed in glutaraldehyde and then rendered permeable to antibody by dissolving the lipid bilayer with Triton X-100. The cells were then incubated with specific antispectrin IgG followed by the ferritin second antibody conjugate or protein A-colloidal gold . Spectrin was not found to be associated with the clathrin-coated areas of either nondifferentiating cells (Fig. 8, a-d) or differentiating cells (Fig. 8, e-j) .
This suggests, most probably, that the spectrin-containing cytoskeleton lines the uncoated regions of the plasma membrane but is excluded from areas of membrane specialized for endocytosis, although there is also the possibility that spectrin is present in the coated areas but is not detected by the antibody because of the presence of some component of the coated pit .
DISCUSSION
When an erythroid cell embarks upon the final stages of differentiation, culminating in a terminal unequal cell division to form a reticulocyte, it carries out several major processes as far as the membrane proteins are concerned . First, it sequesters those proteins (glycophorin and spectrin) that are to be constituents of the membrane of the mature erythrocyte into the portion of the plasma membrane that surrounds the incipient reticulocyte (11, 22, 23) . Second, proteins that are constituents of the membrane of cells at earlier stages of erythroid differentiation but are not components of the mature erythrocyte membrane are removed . Third, the cell must either cease endocytosis of the membrane proteins that are to remain as constituents of the mature erythrocyte, or if they are endocytosed, they must be recycled intact to the cell surface. Finally, the membrane proteins must undergo a process of concentration such that a submembranous cytoskeleton is formed that lines the inner surface of the entire membrane of the reticulocyte.
Many of these processes may be achieved by selective endocytosis; for example, it has been suggested that selective endocytosis may account for capping of surface receptors in which cross-linked surface antigens move to one pole of the MARSHALL ET AL .
Endocytosis by Erythroleukemic Cells FIGURE 5 The endocytosis of glycophorin by nondifferentiating K562 cells . Cells were labeled at 4°C using glycophorin-detecting antibody followed by a colloidal gold-protein A conjugate . They were then warmed to 37°C for 5 min (A), 20 min (B), or 1 h (C) . After 5 min, most gold particles are located at the cell surface in coated pits . At 20 min, particles can be seen in irregular multivesicular structures that interact with coated vesicles (arrow at the far right of the structure in B) . At 1 h, particles (arrows) are associated with the periphery of multivesicular bodies . cp, coated pit ; cv, coated vesicle profile . Bar, 0 .5 lm . x 52,000.
cell after incubation with a polyvalent lectin or antibodies against surface immunoglobulins (4, 24) and, clearly, exclusion of a particular protein from endocytosis would result in 206 0 THE JOURNAL OF CELL BIOLOGY " VOLUME 98, 1984 its maintenance at the cell surface .
In this report we have shown that the proteins located within clathrin-coated pits change during the differentiation 
2062
of a human erythroleukemic cell line; in nondifferentiating cells, the clathrin-coated pits incorporate glycophorin which is subsequently endocytosed and delivered to multivesicular bodies. There is, however, little concentration of glycophorin into the coated pits. Because of this lack of concentration of glycophorin into regions of the plasma membrane specialized for endocytosis, antibody-labeled glycophorin molecules are removed from the cell surface only slowly, whereas, in contrast, Con A is rapidly cleared from the cell surface at 37°C because of the preferential association of its receptor with coated pits. After several days of erythroid differentiation, a marked change has occurred in the coated areas of the cell: the coated pits are devoid of any glycophorin, although it remains associated with the noncoated regions of the cell surface . The exclusion of glycophorin from the coated areas of differentiating K562 cells is not the result of a general cessation of the movement of surface glycoproteins into coated areas or of a cessation of endocytosis by coated pits, since Con A receptors are located in the coated pits of both nondifferentiating and differentiating cells and are rapidly endocytosed by both. In addition to the differentiation-dependent cessation of endocytosis of the external surface glycophorin, spectrin (an erythrocyte peripheral membrane protein on the inner surface of the membrane) appears to be excluded from coated areas by K562 cells; although, in this case the lack of spectrin associated with clathrin-coated areas is not affected by the differentiation state of the cell. This finding is similar to that of Zweig and co-workers (26) who found that reticulocytes from mouse spleen excluded spectrin (as detected by a specific antispectrin antibody) from endocytotic invaginations on the cell surface. Their techniques, however, did not allow them to determine whether these invaginations were clathrin-coated pits.
It is possible that the exclusion ofglycophorin from coated pits as differentiation proceeds is related to the distribution of spectrin under the membrane of K562 cells . During differentiation, glycophorin molecules may become less mobile in the plane of the membrane as a result of the induction of an interaction with spectrin, thereby being restrained from entering spectrin-deficient regions of the plasma membrane, namely the coated pits. In this regard it is noteworthy that glycophorin of spectrin-deficient (spherocytic) mouse erythrocytes is more mobile than that of normal erythrocytes (19) and glycophorin mobility in membranes from normal cells may be increased by agents that perturb the spectrin cytoskeleton (20) . It therefore appears that as erythroid precursor cells mature in vivo there is a spectrin-dependent restriction of the mobility of integral transmembrane glycoproteins (19) and this may also be the basis of the exclusion ofglycophorin from coated pits that we have observed in human erythroleukemic cells.
